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Abstract

We present an immersed interface method for the incompressible Navier—Stokes equations capable of handling both
rigid and flexible boundaries. The immersed boundaries are represented by a number of Lagrangian control points. In
order to ensure that the no-slip condition on the rigid boundary is satisfied, singular forces are applied on the fluid.
The forces are related to the jumps in pressure and the jumps in the derivatives of both pressure and velocity, and are inter-
polated using cubic splines. The strength of the singular forces at the rigid boundary is determined by solving a small sys-
tem of equations at each timestep. For flexible boundaries, the forces that the boundary exerts on the fluid are computed
from the constitutive relation of the flexible boundary and are applied to the fluid through the jump conditions. The posi-
tion of the flexible boundary is updated implicitly using a quasi-Newton method (BFGS) within each timestep. The
Navier-Stokes equations are discretized on a staggered Cartesian grid by a second order accurate projection method
for pressure and velocity and the overall scheme is second order accurate.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In this paper, we present a numerical method for solving viscous, incompressible flow problems involving
both moving interfaces and rigid boundaries. One of the challenges in these problems is that the fluid motion,
the flexible interface motion and the interaction with the immersed rigid boundaries must be computed simul-
taneously. This is necessary in order to account for the complex interaction between the fluid and the immersed
boundaries. An example of interface problems that we consider is shown in Fig. 1. In a 2-dimensional bounded
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Fig. 1. A typical domain in which the Navier—Stokes equations are solved. The flexible interface and the rigid boundary are immersed in a
uniform Cartesian grid.

domain Q that contains a material interface I'(¢), we consider the incompressible Navier—Stokes equations,
written as

p(u;+ (u-V)u)+Vp=pAu+F, (1)

V-u=0 2)
with boundary conditions

ulyo = up, (3)

where u is the fluid velocity, p is the pressure, p is the density, and u the viscosity of the fluid. Throughout this
paper, we assume that the fluid density p and the viscosity u are constant over the whole domain. The effect of
the material interface I'(¢) immersed in the fluid results in a singular force F which has the form

F(x,0) = / S50 = X(5.0) )

where X(s,7) is the arc-length parametrization of I'(¢), s is the arc-length, x = (x, ) is spatial position, and
fis,t) is the force strength. Here, d(x) is the two-dimensional Dirac function. The motion of the interfaces
satisfies

%X(s, 0 = u(X,1) = / u(x, )3(x — X(s,1)) dx. (s5)
Q

In our proposed numerical method, the Navier—Stokes equations are discretized using a standard finite dif-
ference method on a staggered Cartesian grid. Methods utilizing a Cartesian grid for solving interface prob-
lems or problems with complex geometry have become popular in recent years. Existing Cartesian grid
methods for interface problems can be categorized into two general groups: methods that determine the jump
conditions across the interface and incorporate them into the finite difference scheme and methods that
smooth out the singular force before it is applied to the fluid. Our method which is based on the immersed
interface method originally proposed by LeVeque and Li [20,21] falls into the first group. The immersed
boundary method introduced by Peskin [26] belongs to the second group.

Peskin’s immersed boundary method has proven to be a very useful method for modelling fluid-structure
interaction involving large geometry variations. This method has been applied to many biological problems
involving flexible boundaries [10,11,25,34]. In the immersed boundary method, the force densities are com-
puted at the control points which are used to represent the boundaries. The force densities are then spread
to the Cartesian grid points by a discrete representation of the delta function. The Navier—Stokes equations
with the forcing terms are then solved for pressure and velocity at the Cartesian grid points. Further details on
the immersed boundary method can be found in [26] and the references therein. The immersed boundary
method has several attractive features: the method is simple to implement, it can handle complex geometries
easily and it uses standard regular Cartesian grid Navier—Stokes solvers. However, since the immersed
boundary method uses the discrete delta function approach, it smears out sharp interface to a thickness of
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order of the meshwidth and it is only about first-order accurate for general problems. The immersed boundary
method has also been applied to problems with rigid boundaries [15,31]. In order to deal with rigid bound-
aries, Lai and Peskin [15] evaluated the force density using a particular case of the feedback forcing formula-
tion proposed by Goldstein et al. [13] so as to ensure that the boundary points will stay close to the required
boundary position. An alternative model to compute the force density fwas proposed in [31] based on the use
of the momentum Eq. (1) at the boundaries. These forcing formulations are simple to implement but require a
small timestep to maintain the stability.

In contrast, the immersed interface method (IIM) can avoid smearing sharp interfaces and maintains sec-
ond-order accuracy by incorporating the known jumps into the finite difference scheme near the interface. The
singular force falong the immersed boundaries results in solution to the Navier—Stokes equations which may
be non-smooth across the interface, i.e., there may be jumps in pressure and in the derivatives of both pressure
and velocity at the interface. An essential ingredient of the immersed interface method is the relation between
the jumps in the solutions and their derivatives, and the applied singular forces. The basic idea of the immersed
interface method is to discretize the Navier-Stokes equations on a uniform Cartesian grid and to account for
the singular forces by explicitly incorporating the jumps in the solutions and their derivatives into the differ-
ence equations. The IIM was originally proposed by LeVeque and Li [20] for solving elliptic equations, and
later extended to Stokes flow with elastic boundaries or surface tension [21]. The method was developed fur-
ther for the Navier—Stokes equations in [17,19,22] for problems with flexible boundaries. In [22], the level set
method is used to represent the interface. This has the advantage of simplifying the algorithm but does not
appear to be adequate to represent certain types of interfaces such as elastic membranes. In [19], the interface
is tracked explicitly in a Lagrangian manner, the singular force f'is split into components tangential and nor-
mal to the interface. The normal component is then incorporated into jump conditions for pressure across the
interface. The tangential component is spread to the nearby Cartesian grid points using the discrete delta func-
tion as in the immersed boundary method [26]. Spreading the tangential force to the nearby Cartesian grid
points has the effect of smoothing out the jumps in the derivatives of pressure and velocity. The IIM was also
used in [7,23,29] for solving the two-dimensional streamfunction-vorticity equations on irregular domains.

In the present work, we introduce a formulation of the immersed interface method for solving the incom-
pressible Navier—Stokes equations in the presence of rigid boundaries. Our approach is largely based on that
described in Le et al. [18]. In addition, we also combine this algorithm with our earlier work for problems with
flexible boundaries [17] to handle rigid and flexible boundaries simultaneously. It may be noted that most of the
current Cartesian grid methods can only handle flexible boundaries and the rigid boundaries are usually
required to be aligned with the computational grid [2,28]. This is contrasted to our proposed method where arbi-
trary piecewise smooth rigid boundaries can be considered. Therein lies one main advantage of our method to
simulate the motion of multiple deformable boundaries in a domain with multiple immersed rigid boundaries.

Our approach employs the immersed interface method to solve the incompressible Navier—Stokes equations
formulated in primitive variables. The singular force at the rigid boundary is determined for imposition of the
no-slip condition. At each time step the singular force is computed implicitly by solving a small, dense linear
system of equations. In this way, we can impose exactly the no-slip condition at the boundary and avoid the
need for very small timesteps. The singular force at the flexible interface is computed based on the configuration
of the interface, i.e., the interface is assumed to be governed by either surface tension, or by an elastic mem-
brane. Note that the entire singular force at the flexible interface is incorporated into the jump conditions
for pressure and the derivatives of pressure and velocity. As such, our algorithm can successfully capture all
the jumps in the solutions and their derivatives. Having computed the singular force, we next compute the jump
in pressure and jumps in the derivatives of both pressure and velocity. The jumps in the solution and its deriv-
atives are incorporated into the finite difference discretization to obtain a sharp interface resolution. Fast solv-
ers from the FISHPACK software library [1] are used to solve the resulting discrete systems of equations.

The remainder of the paper is organized as follows. In Section 2, we present the relations that must be sat-
isfied along the immersed boundary between the singular force f and the jumps in the velocity and pressure
and their derivatives. In Section 3, we describe the generalized finite difference approximations to the solution
derivatives, which incorporate the solution jumps. In Section 4, we present the numerical algorithm. In Section
5, some numerical examples are presented and finally, some conclusions and suggestions for future work are
given in Section 6.
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2. Jump conditions across the interface

We have already mentioned that when singular forces are applied on a material interface, the solutions of
the Navier-Stokes equations may be non-smooth or discontinuous across the interface. Let n and 7 be the unit
outward normal and tangential vectors to the interface, respectively. The respective normal and tangential
components of the force density f; = f{s,¢) - n and f> = f{ss, 1) - T can be related to the jump conditions for pres-
sure and velocity as follows:

W =0, [ = —fre. ] =0, (©
p=r =L =L )

0
ty] = fst, [ty = —a—fr _xfim,

[hue] = —[pay] + [peln + |p, |7 + pluclu - n. (8)

The above equations were derived in [22] and here, we have used the same notation for clarity. The jump, [-],
denotes the difference between the value of its argument outside and inside the interface, and (&, ) are the rect-
angular coordinates associated with the directions of n and z, respectively. Here, k is the signed valued of the
curvature of the interface (i.e. we assume that n X T = k = constant, so that n can point either towards, or out-
wards from, the center of curvature). We note that from expressions (6)—(8) the values of the jumps of the first
and second derivatives of velocity and pressure taken with respect to the (x, y) coordinates are easily obtained
by a simple coordinate transformation. For instance, we have

] = [we]ny + [my]71,
[y,] = [weelns + 2[ugy|noty + [ug) 03,

where n = (n,n;) and 7 = (11,7;,) are the Cartesian components of the normal and tangential vectors to the
interface at the point considered.

3. Generalized finite difference formulas
From Taylor series expansions, it is possible to show that if the interface cuts a grid line between two grid

points at x = o, x; < A< X;41,X; € Q ,X;+1 € Q", then the following approximations hold for a piecewise
twice differentiable function v(x):

Uz+l - UH 1< + " 2
b x) = 3 e o) ©)
m=0
vz+2 U 1 2 B m 2
U (xi1) = -5 Z )]+ O(K?) (10)
m=0
Vip1 — 21)1 + 01 1 2 +)m (m)
() = = e 11
b3 = p Z o [0+ O(h) (1)
U; — 21)1' —+ U; 1 2 h7 " m
(i) = 220 o LS B g o) (12)
h h m=0 m:

where v denotes the mth derivative of v,v; = v (x;),h" =x;41 — o, i~ = x; — o and } is the mesh width in x
direction. The jumps in v and its derivatives are defined as

™ = lim o™ (x)— lim 0™ (x) (13)

’ x—oxeQh x—oxeQ”

in short, []=['],, and v'” = v. See Weigmann and Bube [35] for detailed proofs of expressions (9)—(12). Note
that if the interface cuts a grid line between two grid points x; € Q" and x;, | € Q~, these expressions need to
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be modified by changing the sign of the second terms on the respective right-hand sides. Expressions involving
two or more interface crossings could also be derived, see for example [35].

Finally, we also require centered and backwards approximations for v(#"* i 2). These approximations come
about when the interface crosses a grid point over the time interval considered. Thus, assuming that the inter-
face crosses a grid point at time 7, we have the following approximations:

(a) centered

p(112) = F o) 3]+ O(Ar), < T <t "
= %(U” + Un+1) 7%[0]1 + O(AI), tn+1/2 < T < tn+l
(b) backwards
b2 = sV = =3, + O(Ar), KT 0s)
) 2 =L 4[], 4 O(AY), << et

Here, [v], denotes the jump in time of a function v(x, ) at a particular grid point and is only non zero when the
interface crosses the grid point at time 7. The jump in time is defined as

(9. = lim o(0) = fim o(0) (16)

It is easy to see that [v], = +[v],, where [], denotes spatial jump as defined in (13) and the sign depends on the
motion of the interface. In particular, we use a plus sign when the grid point moves from the inside of the
interface to the outside of the interface, i.e. from @ to @, and a minus sign when the grid point moves from
the outside of the interface to the inside of the interface, i.e. from Q" to Q™.

4. Numerical algorithm
4.1. Projection method

We employ a pressure-increment projection algorithm for the discretization of the Navier—Stokes equa-
tions. This projection algorithm is analogous to that presented in Brown et al. [5]. It leads to a second order
accuracy for both velocity and pressure provided all the spatial derivatives are approximated to second order
accuracy. The spatial discretization is carried out on a standard marker-and-cell (MAC) staggered grid similar
to that found in Kim et al. [14]. The ENO third-order upwind scheme is used for the advective terms [30]. With
the MAC mesh, the pressure field is defined at the cell center where the continuity equation is enforced. The
velocity fields u and v are defined at the vertical edges and horizontal edges of a cell, respectively. One advan-
tage of the MAC mesh is that boundary conditions for pressure are not required explicitly. On the other hand,
the use of a non-staggered grids introduces some complications. For instance, some of the velocity compo-
nents are not defined on the boundaries of the domain.

The pressure-increment procedure for problems with immersed interfaces is the same as that for non-inter-
face problems. For problems with immersed interface, however, the discretization of the Navier—Stokes equa-
tions at those grid points near the interface needs to be modified to account for the jump conditions across the
interface. Below, we review the pressure-increment method for the case of immersed interfaces. Given the
velocity u”, and the pressure p" ~ /2, we compute the velocity «” 7! and pressure p" " '/? at the next time step
in three steps:

Step 1: Compute an intermediate velocity field #* by solving

u —u"
At
n+1

u'log = uy

T a1
= —(u-Vu)"* - ;Vp”% + %szH% + C)

where the advective term is extrapolated using the formula,
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a3 a1 .
(u.Vu) *5:5(u-w) —5 (0 Va4 Cy [ V] (18)

the diffusion term is approximated implicitly as

VAU = L (V' 4 Vial) + C [V, (19)
and the pressure gradient is approximated simply as

Vp't = M 4 Gy 5[V (20)
The MAC gradient operators are defined as

_ Piy1j — Diyj
iw%j - Ax ’

Step 2: Compute a pressure update ¢” ' by solving the Poisson equation

__ DPijr1 — Dij

MAC
(Gx p) i,j+% - Ay

(GY""“p)

MACu*
At

with boundary condition

n-V¢'',,=0. (22)

The MAC divergence operator is defined as

D
viqbwrl =)

+C53 (21)

(DMACy) = it — Mk Bt B

i Ax Ay
Step 3: Update pressure and velocity field

1
un+l — u* _ ;AI,‘GMAC(’{)’H—I + C6 (23)

pn+l/2 :pn71/2+¢n+] _z_ﬂp(DMAcu*) + G (24)
Here, [']; denotes a jump in time and is only non zero when the interface crosses the grid point over the time
interval considered. The coefficients vy, i =1, 2, 3 correspond to the first order corrections in time. The coef-
ficient 7, is determined from expression (15) and the coefficient ), is determined from expression (14). The
coefficient y; is only nonzero when the interface crosses the grid point over the time interval [f"~ 12
Y 2], and, in such cases, has the value of 1. As mentioned before, at the interface [], = +[-],, where [], de-
notes spatial jump and the sign depends on the motion of the interface. The operator V} is the standard five
point central difference operator and C;, i =2,...,7, are the spatial correction terms which are only non-zero
at the points near the interface. The correction term C; is the correction term for the discretization of Ou/0t
and is only nonzero at a particular grid point which the interface crosses over the time interval [¢", 7" " 1].

In our projection method, we need to solve two Helmholtz equations for #* in (17) and one Poisson equa-
tion for ¢" "' in (21). Since the correction terms in (17) and (21) only affect the right-hand sides of the discrete
systems for the Helmholtz and Poisson equations, we can take advantage of the fast solvers from FISHPACK
[1] to solve these equations.

4.2. Correction terms

In this section, we will illustrate how to evaluate the correction terms C;, i = 1,...,7 as generated in Section
4.1. We shall define C{u} as a correction term for the quantity u. For example, from (9) we can write

Clug(x)} = —i ([u] +htu,] + @ [%}) : (25)
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Then the correction terms C; — C; are evaluated as follows:

C, = —C{u} (26)
C, = ;C{(u - Vu)"} — %C{(u Va)"'} (27)
C; = % (C{V?u'} + C{V’u"}) (28)
C, = C{Vp'i} (29)
Cs = pC{VT;”*} —cf{ v} 4 c{ vt} + 1wl (30)
Co = —% (c{vpﬂ+%} - C{Vp"’%}> (31)
c, —%C{V ') (32)

All the correction terms are included at least to first order accuracy. As discussed in [20], the overall second
order accuracy of the scheme is maintained provided only the singular points are treated with a first order
scheme. This can be intuitively understood by observing that when the mesh is refined, the area of the domain
represented by these points is reduced.

We note that the correction term C{u,} in (26) is only nonzero at the grid points crossed by the interface
between time level n and time level n+ 1. Assume that the interface crosses a grid point (i,j) at time
7,/" <t <", the correction term for , at this point is given by

Clu =~ (. + (7~ )lu) (33)

it <t< "2 and
1
Clu} = —E([u]f + (" = )[m]) (34)
if [n+1/2 < T < thrl'

Since the velocity is continuous across the interface, we have [u], = 0. Also, by differentiating [u] =0 we
obtain

[, = —[u-Vu] = £[u],. (35)

In (28), (30) and (32), we use the jump conditions for #" ! to approximate the jump conditions for u* as we
expect that u” is a good approximation for #" ', This is one of the reasons why we have chosen to implement
the pressure-increment projection method where u* is computed to be a good approximation for «"*!. To
evaluate the correction term C{V?u*} of (28) at a point (i,j) as depicted in Fig. 2, we need to compute [u'],

u’ ] at the intersection point o and [u’], [#’ ]| at f using the force strength at time level #n + 1. The correction
XX Y P
term C{V°u*} is calculated as follows:
2 . -2,
C v2 * _ [u*] + h+ [u:]o{ + @ [u:x]az [u*] + k [uy]ﬁ + % [uyy]/f
{Vu }z:j = e - e )

and V?u* is approximated at the point (,j) as
”;—l,j + ”?—1,_/ + ”;/+1 + uzj—l -
h2

Similarly, we can compute for the other correction terms in (28)—(32).

2 k(s 4”;3 2 %
Vou'(i, j) = =+ C{V-u'},; +O(h).

4.3. Evaluation of singular force at the rigid boundary

Assuming that the singular force fis known at the rigid boundary, the velocity field #"*! at all the grid

points can be computed via the projection method as discussed in Section 4.1. In our method, we use a set
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Fig. 2. Interface and mesh geometry near the grid point (i, ).

of control points to represent the rigid boundary. The velocity at the control points, Uy, is interpolated from
the velocity at the grid points. Thus, we can write

U, =UX;) =2, (36)

where 4 is the bilinear interpolation operator which includes the appropriate correction terms required to
guarantee second order accuracy when the derivatives of the velocity are discontinuous. The explicit form
of Uy can be found in Appendix A.

In summary, the equations that need to be solved in order to calculate #” ' and Uy, can be written sym-
bolically as,

q. (17) — Hu' =C+B\f ,

q. 21) — L¢""' =Du + B,f ,

q. 23) - W' =u — G¢" + Byf |
q. (36) — Uy =Mu"" + B,f .

Eliminating u*, ¢" " ! and &" "' from the above equations, we can compute the velocity Uy at the control points
as follows:

U,=MH'C—-GL'DH'C)+ (M(H 'B, — GL'DH'B, — GL"'B, + B;) + B,)f . (37)
For convenience, we can write (37) as
Uy= U+ Af | (38)

where Uy is SImply the velocity at the control points obtained by solving Egs. (17), (21), (23) and (36) with
f=0, given «" and p" “12 4isa 2N;, X 2N, matrix, where N, is the number of control points. The vector
Af is the velocity at the control points obtained by solving the following equations:

*

uf 2 *

A2 Ly uy, Ul,=0, (39)
2 n+1 v ’ ll;: n+1

Vi = , n- Vi =0, (40)

At
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n * At n
Wt =y — ;V‘ﬁfﬂv (41)

Af = B(u) (42)

with f being the singular force at the immersed boundary.
Eq. (38) can be used to determine the singular force if we know the prescribed velocity U, at the immersed
boundary. Thus, the singular force at the control points can be computed by solving

Af =U, - Uj. (43)

In this way, the singular force is solved to impose exactly the no-slip boundary condition at the interface.
In addition, since the singular force is calculated implicitly, the timestep used in our algorithm is usually
much larger than that used in other methods with explicit forcing formulations [13,15,31]. Note that the
matrix A depends on the location of the interface and the timestep Az. For static geometry, we will have
the same matrix 4 at every timestep if we use the same Az throughout. Therefore, the matrix 4 is com-
puted once and is factorized and stored. In order to compute the coefficients of 4 we solve Egs. (39)—
(42) for 2N, times, i.e. once for each column. Each time, the force strength f is set to zero except for
the entry corresponding to the column we want to calculate, which is set to one. Once the matrix A
has been calculated, only the right hand side, U, — U?, needs to be computed at each timestep. The result-
ing small system of Eq. (43) is then solved at each timestep for the singular force f via back substitution.
Finally, we solve Eqs. (17)—(24) to obtain #" "' and p"* 2 1t is important to note that the matrix 4, for a
closed immersed boundary, is singular. This happens because the pressure inside the closed boundary is not
uniquely determined. We use the singular value decomposition (SVD) method to solve the singular system
of Eq. (43).

For moving geometry, the matrix 4 must be regenerated at every timestep. The computational cost
associated with the procedure outlined above would be prohibitive. To avoid generating A, we employ
GMRES method and solve (43) iteratively. Each iteration of GMRES method requires a matrix—vector
product which can be found by solving (39)—(42). In each matrix—vector product, we have to solve two
Helmholtz Eq. (39) and a Poisson Eq. (40). Therefore, our algorithm for solving the problems with mov-
ing boundary is only effective if the GMRES method takes a few iterations to converge. For a closed
immersed boundary, the linear system of Eq. (43) is singular. A version of GMRES method for singular
linear system of equations is required. We employed the GMRES method presented in [6] which used the
incremental condition estimation (ICE) [3] to monitor the conditioning of the upper Hessenberg
matrix.

4.4. Numerical implementation

4.4.1. Rigid boundary

In this section, we describe a basic implementation of our algorithm for the Navier—Stokes equations with
immersed rigid boundaries. We describe our approach for the problem of the flow past a circular cylinder. To
start our procedure we use a set of control points to represent the rigid boundary and compute the coefficient
matrix as mentioned in the previous section. For the cylinder problem, this matrix is singular. We factorize the
coefficient matrix using singular value decomposition as,

A=UZV", (44)
where u = [u,...,uy]and V =[vy,...,vy] are orthogonal matrices and X = diag(oy,...,oy) is a diagonal ma-
trix whose elements are the singular values of the original matrix such that

6120‘22...201\/20.

Since A is singular it has at least one singular value equals to zero. We store U, V and X for solving the singular
force at every timestep. At each timestep, given the velocity field #” and pressure field p" ~ 12 our algorithm for
finding o', p"* 12 and the singular force to impose the no-slip condition at the rigid boundary can be sum-
marized as follows:
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Step 1: Compute the right-hand side of (43) by calculating Ug.
e Set f =0. Solve (17), (21) and (23) for the velocity at all the grid points.
e Interpolate the velocity at the control points U2 as in (36).
e Compute the right-hand side vector b = U, — U.

Step 2: Compute the singular force by solving (43) using the SVD method.
e If A is nonsingular, then the force f can be written in terms of the SVD as

N_ T
=30

i=1

e If A is singular and has k singular values due to the presence of k closed rigid boundary loops, then,
the force f can be computed as,

f= g uh Ui (43)

i=1 i

Step 3: Compute «”" ! and p" " 12 using the projection method.For moving geometry, we still have the same

algorithm except that the GMRES solver is applied to solve (43) iteratively at each time step. Thus,
we do not need to form the coefficient matrix explicitly.

4.4.2. Motion of flexible boundaries in the presence of rigid boundaries

We now turn our attention to the implementation of the immersed interface method for the incompressible
Navier—Stokes equations in general domains involving immersed flexible and rigid boundaries. We consider a
generalized force exerted by interface on the fluid of the form

d . ¢
S(s,1) —&(T(s,t)r(s,t))+a¥, (46)
where 71s,?) is defined as
B 0X(s, 1)
and (s, ) is the unit tangential vector to the interface,
0X /loX
ws,0) =5/ |5 | (48)

Here, X(s, ?) is the arc-length parametrization of the interface and s and s, are the arc-lengths measured along
the current and undeformed configuration of the membrane, respectively. The scalar Ty is the stiffness con-
stant which describes the elastic property of the flexible boundary. The scalar ¢ is the surface tension constant.
In the case of a flexible boundary governed by surface tension T, will be zero, and in the case of an elastic
membrane o will be zero. The location of the flexible boundaries is advanced in time in an implicit manner,

Xn+1 _ Xn +%At(”n(Xn) +un+1(Xn+l))‘ (49)

The BFGS method [32] which is a quasi-Newton method is employed to solve the non-linear system of Eq.
(49) iteratively to calculate the location of the flexible boundaries. For more details on the immersed interface
method for flexible interfaces, see [16,17,19]. In each iteration of the BFGS method, we need to solve the sys-
tem of Eq. (43) for the singular force at the rigid boundaries to enforce the no-slip boundary conditions. This
is necessary because the velocity field and pressure field are updated at every iterations of the BFGS method.

In summary, given the location of the flexible boundaries, X", the singular force at the rigid boundaries, f”,
the velocity field, #”, and the pressure field, p" ~ /2, the process of computing the new velocity field #” ! that
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n+1/2

satisfies the no-slip boundary conditions at the rigid boundaries, pressure field p and the location of the

flexible boundaries X" ™! can be described as follows:

Step 1: Set k := 0, set the inverse Jacobian By = I and make an initial guess for X! je. X© as
X0 =2x" - x" 1,

Step 2:
e Compute the force strength at the flexible boundaries using expression (46). Interpolate the force
strength using cubic splines.
e Compute the force strength at the rigid boundaries to enforce the no-slip conditions. That is, calculate
the right-hand side vector U, — U,? of (43). Then solve for the small system of Eq. (43) to obtain the
singular force at the rigid boundaries.

Step 3:
e Employ the projection method as described in Section 4.1 to update the velocity "' and pressure
field p" /2.
e Compute the velocity at the control points, "+ I(X(k)), by interpolating from the velocity at the sur-
rounding grid points.

Step 4:
e Evaluate

1
g(X¥W)y = x0 _x" _ EAt(u" (X") + w1 (X©)).

o If g < e then X" ™' = X and stop the iteration. Otherwise, update X* " and the inverse Jaco-
bian matrix By using BFGS algorithm. Set k& := &k + 1 and go to step 2.

Our implementation prohibits the intersection between two flexible boundaries or between a flexible boundary
and rigid boundaries. This is enforced by defining a contact threshold say to be a distance of 1.54, where / is
the mesh size. If a control point of a flexible boundary lies within a contact threshold of other flexible bound-
aries or rigid boundaries, we introduce a repulsive force into the total singular force at the flexible boundary.
This repulsive force is applied in the outward normal direction to the rigid boundaries or other flexible bound-
aries. If the flexible membrane represents a particle with surface potential, the repulsive force can be under-
stood as the electrostatic repulsion between two colloidal particles or between a particle and the rigid
boundaries. In [2], the velocities of interfacial points that lie within a contact threshold of other membranes
or rigid boundaries are adjusted. However, these velocity adjustments may alter the volume of the bodies. A
repulsive force is suggested and introduced into the total surface force thereby obviating the need of the veloc-
ity adjustment. In our algorithm, the expression for the repulsive force at a control point is

C[1-(%)"], r<1.5h,

. (50)
0, otherwise,

fr(r)l = {

where r is a separation distance between a flexible membrane and other flexible membranes or rigid bound-
aries, C is a positive constant and » is a power index. It can be construed that the values of C and n are func-
tions of the properties of the surface material but this topic is outside the scope of the present study. In our
numerical experiments, a typical z is chosen within 2—4 and the constant C is chosen to have the same order of
magnitude as the current force at the control point under consideration. In order to avoid a kink which may
occur when adding the repulsive force to the singular force at the membrane, we distribute the repulsive force
to the nearby control points of the same membrane using a Gaussian normal representation of the discrete
delta function. Typically we distribute the repulsive force to five control points including the control point
under consideration and its four closest neighbors on the same membrane.
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5. Numerical results

In this section, we present the numerical results for several problems involving rigid boundaries and both
rigid and flexible boundaries.

5.1. Rotational flow

In this problem, the interface is a circle with radius r = 0.3 embedded in a square domain [—1,1]x[—1,1].
We prescribe the interface to rotate with angular velocity w = 2. We set p =1, u = 0.02 and consider the solu-
tion at ¢ = 10. The velocity field is shown in Fig. 3. We carried out a grid refinement analysis, using a refer-
enced grid of 512 x 512, to determine the order of convergence of the algorithm. The errors in the velocity,
E(u) and the errors in the pressure, E(p) are measured in both the maximum norm and the second norm.

The results in Table 1 show that the velocity is second order accurate and the pressure is nearly second order
accurate.

5.2. Flow past a circular cylinder
In this example, we simulate an unsteady flow past a circular cylinder immersed in a rectangular domain

2 =10,3]%x[0,1.5]. We use this problem as another benchmark test for our algorithm. The cylinder has a
diameter d = 0.1 and its center is located at (1.6, 0.75). The freestream velocity is set to unity, U,, =1 and

Ufieldatt=10

Velocity field att = 10
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Fig. 3. Velocity field at time ¢ = 10 with a 64 x 64 grid, u = 0.02, At = Ax/4. The immersed boundary rotates with angular velocity w = 2.
(a) Plot of the x component of velocity field. (b) Plot of the velocity field.

Table 1

Grid refinement analysis for the rotational flow problem with u = 0.02, Az = Ax/4, at 1 =10

N Ny |E(u) [l Order |E@) | Order
64 40 1.8001 x 1077 1.6528 x 10~*

128 80 5.5145x107* 1.71 3.9239 x 107> 2.08

256 160 1.2755x 1074 2.11 1.0021 x 1073 1.97

IE@)lls IE@)]

64 40 6.6995 x 1073 1.6014x 107?

128 80 1.5951 x 1073 2.07 47510 x 107 1.75

256 160 5.7996 x 10~* 1.46 1.5854x 107* 1.58
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simulations are carried out at Reynolds number, (Re = pU..d/ ) of 20, 40, 80, 100, 200 and 300 on a 512 x 256
computational mesh. We use 40 points to represent the circular cylinder. At the inflow boundary we specify
the velocity corresponding to the freestream velocity, and a homogeneous Neumann boundary condition is
applied at the top, bottom and exit boundaries. For all these simulations, we use the free stream velocity
as the initial velocity and the initial pressure is set to zero. Then, the force at the cylinder interface is deter-
mined by the no-slip condition on the cylinder. The resulting solution inside the cylinder corresponds to zero
velocity and a constant pressure which is an arbitrary value. After the first timestep, the flow evolves naturally
and satisfies the no-slip boundary condition. Once the velocity field and pressure field have been computed, the
drag and lift coefficients and the Strouhal number can be computed from the force at the control points.
The drag coefficient is defined as
D
CD_lpUzd' (51)

2 0

The drag can be computed from the force along the cylinder interface as

D=-— / f+ds, (52)
r
where £ is the x component of the singular force. The lift coefficient is defined as
L
CL=——>—. 53
T 39
The lift can be computed from the force along the cylinder interface as
L= —/fyds7 (54)
r
where f), is the y component of the singular force. The Strouhal number is defined as
fd
St =+— 55
- (55)

where f'is the vortex shedding frequencys; it is one of the key quantities that characterizes the vortex shedding
process. This coefficient can be obtained using the Fourier Transform of the periodic variation of the lift coef-
ficient [31]. Finally, the dimensionless time is defined as

Ut
d

Fig. 4 shows the streamlines for Re = 20 and Re = 40. For these low Reynolds numbers, the wake formed be-
hind the cylinder gradually attains a steady symmetric state. Once the flow has reached the steady state, the
drag coeflicients, the length of the recirculation zone and the angle of separation are calculated and are com-
pared with other established results in Table 2. The results obtained by our method are compared to the
numerical simulations [7,9,12,29,37] as well as experimental results [8,33]. It is found that our results are in
reasonably good agreement with other numerical simulations and experimental results. For Re = 20 our drag
coefficient is very closed to other numerical results but it is about 8% lower than the experimental measure-
ment of Tritton [33]. For Re = 40 our drag coefficient is about 5% higher than the experimentally determined
value [33]. Fig. 5 shows the plots of the pressure field for Re = 20 and Re = 40. The pressure patterns are sym-
metric about the streamwise axis.

Between Re = 40 and Re = 50 we expect to see a transition to instability. Fig. 6 shows that our algorithm is
able to detect the onset of an instability in the flow at Re = 50. It has been reported that the wake behind the
cylinder first becomes unstable at a critical Reynolds number of about Re =46 4+ 1 [37]. Above this Reynolds
number the cylinder wake instability appears and grows in time and eventually leads to Karman vortex shed-
ding. This behavior is shown in the present numerical simulations for Re = 80, 100, 200 and 300. Note that in
all these simulations we do not need to artificially perturb the flow field to initiate the unsteady behavior.
Fig. 7 shows the pressure fields at Re =100, 200 and 300. The instabilities and vortex shedding can be

T — (56)
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Re = 20: Streamlines
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Fig. 4. Streamlines for Re =20 and Re = 40.

Table 2
Length of the recirculation zone (L/d), angle of separation (6) and drag coefficient (Cp) for Re =20 and Re =40

Re =20 Re =40

L/d 0 Cp L/d 0 Cp
Tritton [33] - - 222 - - 1.48
Coutanceau and Bouard [8] 0.73 42.3° - 1.89 52.8° -
Fornberg [12] 0.91 - 2.00 2.24 - 1.50
Dennis and Chang [9] 0.94 43.7° 2.05 2.35 53.8° 1.52
Calhoun [7] 0.91 45.5° 2.19 2.18 54.2° 1.62
Russell and Wang [29] 0.94 43.3° 2.13 2.29 53.1° 1.60
Ye et al. [37] 0.92 - 2.03 2.27 - 1.52
Present 0.93 43.9° 2.05 222 53.6° 1.56

visualized from this figure. In Tables 3 and 4, the drag and lift coefficients at Re = 100 and Re = 200 are com-
pared to other numerical simulations. For Re = 100, the mean drag obtained by our algorithm is slightly
greater than that computed by other researchers [4,7,24]. Our drag coefficient differs from that reported by
1-3%. For Re =200, our drag coefficient lies within the range of results reported in [4,7,24,29]. Our value
is about 15% higher than that in Calhoun [7] and 4% lower than the value obtained by Braza et al. [4]. In Table
4 it can be seen that the lift coefficient calculated by our method for Re = 100 is well within the range of the
values obtained by other researchers. However our lift coefficient for Re = 200 is lower than their values. Figs.
8 and 9 show the variations in time for the drag and lift coefficients, respectively. These figures depict the
development of the vortex shedding to a periodic state with time at Re = 100 and Re = 200. The vortex shed-
ding Strouhal number is computed for Re = 80, 100, 200 and 300 and is compared with other established
results in Table 5. Our computed Strouhal number obtained at Re = 80 comes out to be 0.15 which compares
very well with the values obtained from experiment [36] and from numerical simulation [37]. At Re = 100 and
Re = 200, our Strouhal numbers are in good agreement with those given in [7,24,29] and differ from the exper-
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Re = 20: Pressure field
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Re = 40: Pressure field
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Fig. 5. Pressure fields for Re =20 and Re = 40.

Re = 50: Lift Coefficients
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Fig. 6. Lift coefficients at Re = 50.

imental results [36] by 1.8% and 1%, respectively. At Re = 300, our computed Strouhal number compares very
well with the value obtained from experiment [36].

5.3. Flow past several cylinders

In this example, we consider an unsteady flow past several cylinders immersed in a rectangular domain
Q=10,3]x[0,1.5]. This example shows the ability of our algorithm to handle multiple rigid boundaries.
The simulation has been performed for three cylinders immersed in the flow at Re = 100. All the cylinders
have the same diameter of 0.1 and their centers are at (1.0,0.75), (1.2,0.65) and (1.3,0.85). We use 20 control
points to represent each of the circular cylinders. The computational grid is 512 x 256 and the same boundary
conditions as those for the flow past a single cylinder problem are applied. Figs. 10 and 11 show the stream-
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Re = 100: Pressure field
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Fig. 7. Pressure fields for Re = 100, Re =200 and Re = 300.

Table 3

Drag coefficients for Re = 100 and Re = 200

Cp Re =100 Re =200
Braza et al. [4] 1.36 £ 0.015 1.40 £ 0.050
Liu et al. [24] 1.35+0.012 1.31 +0.049
Calhoun [7] 1.334+0.014 1.17 +0.058
Russell et al. [29] 1.38 +0.007 1.29 +0.022
Present 1.37 +0.009 1.34 4+ 0.030
Table 4

Lift coefficients for Re = 100 and Re = 200

CL Re =100 Re =200
Braza et al. [4] +0.250 +0.75
Liu et al. [24] +0.339 +0.69
Calhoun [7] +0.298 +0.67
Russell et al. [29] +0.300 40.50
Present +0.323 +0.43
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Re = 100: Drag Coefficients Re = 200: Drag Coefficients
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Fig. 8. Drag coefficients for Re = 100 and Re = 200.
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Re = 200: Lift Coefficients
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Fig. 9. Lift coefficients for Re = 100 and Re = 200.
Table 5
Strouhal numbers for Re = 80, 100, 200 and 300
St Re =280 Re =100 Re =200 Re =300
Ye et al. [37] 0.15 - - 0.210
Williamson [36] 0.15 0.163 0.185 0.203
Liu et al. [24] - 0.164 0.192 -
Calhoun [7] - 0.175 0.202 -
Russell et al. [29] - 0.169 0.195 -
Present 0.15 0.160 0.187 0.200

lines and pressure contours for Re = 100 at different time levels. The vortex shedding is not symmetric since
the cylinders are not placed symmetrically.

5.4. Flow past a moving circular cylinder

In this example, we simulate the flow past a moving cylinder which moves to the left at a velocity of
U, = —1. The computational domain is [0,6]x[—1.5,1.5]. The cylinder has a radius » = 0.1 and its center
is initially located at (5.5, 0.0). At the left boundary we set the velocity to zero, and a homogeneous Neumann
boundary condition is applied at the top, bottom and right boundaries. In the frame of reference that is
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Re = 100: Streamlines att =12

0.4
Mi

1 1.5 2 25 3

Fig. 10. Flow past three cylinders. Streamline plots for Re = 100 at different times.

attached to the moving cylinder, these boundary conditions are the same as those used for the stationary cir-
cular cylinder problem. The simulation has been performed for Re = 40.

In this example, to solve for the singular force at the moving boundary, we do not generate a system of
equations explicitly. Instead, we solve for the force at the boundary iteratively via GMRES algorithm. Since
the system of equations is singular, the convergence rate of the GMRES algorithm is relatively slower than for
non-singular case. However, we can use the incremental condition estimation (ICE) [3] to monitor the condi-
tioning of the upper Hessenberg matrix and stop the iteration when the conditioner number increases rapidly
or when the residual does not change much. Numerical experiments show that the residual is reasonably small
and decreases very little after 2-5 iterations. Hence, we can typically stop the GMRES iterative process after
2-5 iterations to reduce numerical effort.

Fig. 12 shows the streamlines plot for Re =40 in the frame of reference attached to the moving cylinder
when the wake behind the cylinder appears to be fully developed. Fig. 13 shows the streamlines plot at the
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Re = 100: Pressure contours att= 12

Fig. 11. Flow past three cylinders. Pressure contours for Re = 100 at different times.
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Fig. 12. Streamlines for moving cylinder at Re = 40 in the frame of reference attached to the moving cylinder when the wake behind the
cylinder is fully developed.
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. Grooved channel flow with an immersed elastic membrane

his example considers the Poiseuille flow between twp walls, one of which has a groove perpendicular to
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, the elastic membrane rotates inside the groove or the flow can move it out of the groove depending on
some parameters such as the initial location of the elastic membrane, the flow rate, the size of the groove and
the stiffness of the membrane. In the numerical simullation, the gap between the walls is 0.2, the depth and the

ely. The velocity profile at the inflow boundary is

is set equal to one, and a viscosity is u = 0.02. Fig. 14
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and unsteady regimes. Moving rigid boundaries are also considered to show the flexibility of our algorithm.
Finally, simulations were also performed for problems involving the motion of a single membrane in a
grooved channel and single and multiple membranes moving through a constriction.

The presented algorithm can be extended to three dimensions in a rather straightforward manner. In this
case the interface would be represented by a surface triangulation and the control point would be the nodes of
the triangulation. An issue that needs to be addressed further is the computation of the interaction forces when
two membranes approach each other or when a membrane comes close to the rigid boundary. Since one of the
main motivations of the current work is the motion of deformable particles in biological flows, the colloidal
interaction force between two particles or between a particle with rigid boundaries is likely a combination of
Van de Waals attractive force, electrostatic repulsive force and short-ranged Born repulsive force [28].

Appendix A. Modified bilinear interpolation

In this appendix, we derive a bilinear interpolation formula to compute the velocity at a control point. The
velocity at the control points, Uy, is interpolated from the velocity at the nearby Cartesian grid points. Thus,
we can write

Ui =U(X,) = B(u), (57)

where 4 is the bilinear interpolation operator which includes the appropriate correction terms which are re-
quired to guarantee second order accuracy when the derivatives of the velocity are discontinuous. In Fig. 24,
the velocity at the control point Xj is interpolated from the velocity at the four neighboring grid points as
follows:

Ui=1-0 -nu + Ci+ 1 —nuy + Co + Enuz + C3 + (1 — E)nuy + Cy (58)

where C|,.. ., C4 are correction terms, & =% L= % and £ is the grid size. Jump conditions [u,] and [u,] are

required at the control point to compute the correction terms. The correction terms can be derived using Tay-
lor series expansion and have the following forms:

o {h(l — (1 =) (&) +nlw]), x €QF, (59)
1 0, X € Q7
o { —hE(1—m)((1 = &)m] —nlw]), x € QF, (60)
2 0, X, € Q7
n A
()
4 / 3
.
X=(En)
/ Q+
1 2 ‘;

Fig. 24. Velocity at a control point is interpolated from the velocity at the four neighboring grid points using a modified bilinear
interpolation.
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C = { —hen((1 = O] + (1= n)m]), x5 € 0", -
07 xX; € Q7
C,— {h(l = On(Em] — (1 —nm]), x4 €Q, )
07 X, € Q.
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